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SUMMARY

27210

Existing computstions and liquid/liquid model
tests have demonstrated the general zero-g
equilidbrium contiguration of the Centaur upper~
stage fuel-tank ullage, This report contains
calculations and some discussion of the effect

of the Center-Vent tube on this ullage-bubble
configuration, The equilibrium shape alout a
two-inch tube is calculated. It appears that

the liguid/zas interface will be displaced about
2.3 inches below the uppermost bubble surface.
Because this effect is so small, it is ceoncluded
that, with certain restrictions discussed herein,
the simple center tukte will make a practical vent,
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REPORT NO.: 55D 859
PAGE NO,: 1

THE CENTER VENT SHAPE

INTRODUCTION:

The practicality of a center vent to relieve the excess
pressure produced by boil-off in the Centaur fuel tank
has evoked considerable thought and deliberation. This
device would certainly save weight and be simpler and
more reliable than a centrifugal separator type of vent.
But would it work?

. , .
Since Dr. Ta Li's '"Zero-G" paper, the existence of a

central ullage in a tank of wall-wetting liquid in the
absence of gravity has been generally accepted. However,

it was felt that the all wetting liquid hydrogen would

cover a vent pipe in the same manner that it covers the
tank walls. The development of the two-liquid models
stimulated renewed interest in the center vent. It was
observed that wires or small tubes could pierce the
liquid~liquid interface with what seemed to be a finite
pucker. Also it was noticed that a wire loop pushed
against the surface formed a depression which could be
stretched into the ullage a short distance, Within a
few diameters the distorted surface necked down, became
unstable and pinched off. This report discusses the
ideas and the mathematics generated by these observa-
tions,

. Li, Ta, Liquid Behavior in a Zero-G Field,

Convair-Astronautics Report AE60-0682,
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2.0
2.1

2.2

ASSUMED CONDITIONS:

Certain conditions are necessary on which to base
the mathematics herein contained., First a perfect
zero-g condition is assumed, undisturbed by sune
seeking rockets or other perturbations. Secondly,
the heat received into the tank iz assusmed not te
rairge the wall temperature appreciably, i.e., the
walle sre everyvhere wet, And, thirdly, the boiled
off gas is aszumed to enter the ullage quiescently,
without causing bubbles or other disturbances,

The presence of small perturbations such as the
sun=seeking rockets will probadbly not grestly
influence the general result, but the effect of
major rotations of the vehicle sheuld be studied
further, The mechanics of producing and transe
porting gas into the ullage can make or break the
center vent system and should alse be investigated
further.

In the stylirzed Centaur considered here the centere
vent tubte extends along the tank center line from
the forward end to abcut the tark center. See
Figure 1,

FORM NO. A-782-1 »
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3.0 MEMBRANE THEORY
3.1 The pressure, A

s across the interfacial surface
between two fluids can be related te the surface
curvature by the feollowing expressiea

AP" o (1/’11; .l/llz) : (1)

Where O is the surface tension and R) and R2 are the
principal radii of curvature. This general relation
can be applied to the center vent but only with
several pages of sticky algebra., However, befere pro-
ceeding with the force balance approach in paragraph
4.0, several useful pieces of information should be
noted. First, R} and Rz are perpendicular to the
surface at point of interest and lie in planes perpene
dicular to each other, In the case of the sphere
these radii are equal. while for a cylinder one is in-
finite, Equation (1) now may be rewritten for the
sphers as '

AP- .—?—a.-—

and for the e¢ylinder .us,
ag

ey

where R, and R, are the related geometric radii.

FORM NO. A-782-1
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4,0

4.1

4.1.1

4.1.2.

FORCE BALANCE EQUATIONS: (See Table II)

Point Solutions:

Figure 1 shows a stylized Centaur upper-stage fuel
tank, It is & cylinder of radius r¢ containing twe
fluids. In the absence of the center vent the fluid
interface would be a hemisphere with radius Ry (= r¢)

producing: AP - 2 (2)
t o .

The introduction of a "small' center vent of radius

r, will distort this hemisphere: (This distortion

and the vent size arc exapgerated for clarity in the

drawing.) Fof small distortions, ic.e., a "small" vent:

the digrerential pressure remains approximately at

its I value. The two principal radii ef curvature

are medsured as follows: Rj in the plane of the paper

and R2 in a plane perpendicular to the paper.

Rear the Vent:

A8 the surface approaches the vent R2 decreases to Py
and Ry} decrezses to a value just less than 2y, The
interfuce approaches the vent tangentially with a
radius (Rj) at the point of tangency very nearly
equal to Ty,

At the Forward Point:

At the most forward point (or circle, to be exact) R}
ccrtainly is a finite radius but R2 has become
infinite. XNote that the circle is in one plane
{obviously)., ¥e shall designate R} at this point as
Ry and its value is :

FORM NO. A-762-1
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4.0 . FORCE BALANCE EQUATIONS: -(CONTINUED)

4.1.2 At the Ferward Peiaty  (Centimued) R
Hence: Referring te equatien (3) |

IRV T A | (3)

The radius, rg, of this most fervard eirelc is derived
from the general foree balgneo equation in paragraph

4.3.2
4.2 | The General g;utloat A
‘ 4.3.1‘ . The vortii:nl components of the forces acting om a

portion of the interfacial surface will be equated teo

- obtain the general surface equation. Reference should
be made to Figure 2. The surface considered extends
‘from the vent tube to an arbitrary rim.

rr sin0oc o }AP'A‘_‘! r"

Where?
r ii the radius of the ris
F_ is the surface temsion ferce acting
. . at the "rim";

oKk is the angle between this ferce and
' the herizoatalg - -

a p is the differential preesure acress
the surfaceg

A is the surface area within the rim
projected onto a horiszental

plane, and
‘, l" is the surface temsion force acting
. aleng the vent tube,

FORM NO. A-7@-1
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4.0 FORCE BALANCE EQUATIONS: (CONTINUED)

4.2 'The_General Equation: (Continued)

4.2.1 (Continued)

This equation may be rewritten as ‘
2 2
: r’er
rosin™ o —Tt—!- - I" : (4)

4.2,2 = Now let us digress from the general solution te

find the rg defined in paragraph 4,1.,2, Equation
(4) may be rewritten as 2 2 .

.y - P

sin(e) —f——n- = r

o

l'.‘

ri-\/r'(rt-r') (s)

FORM NO. A-782-1
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4,0 FORCE BALANCE EQUATIONS: (CONTINUED)

4.3 The General Equation: (Continued)

4.2.3 Returning te the main stream we now set ry equal te 1.

‘I”Q
1

¢1 + (dr/ds)3

sinall =

Therefore equatioen (4) becemes

L ;E-.-l s 1

1 tarsan® Te

" Algebraic manipulation of this equation yields: -

£

rg ¢

ANiaxZ IS

‘1 -

ds = dr

‘Bquation (8) is real for

1<r2 < (rg » 1)2

s

The full significance of r¢{ + 1 will be left te the
matheaaticians for, as will presently be seen, it will
not affect the fiznal results of this report. However,
the value 1 comes from ry and is connected with the
change in Ap produced by the introduction of the vent}
but, as we are interested only in values of r¢ much
greater than ry; this lack of rigidity sheuld be
acceptable. See paragraph 4.1,

(¢)

FORM NO &-702-1
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4.0 FORCE BALANCE EQUATIONS: (CONTINUED)
1 4.2 The General Equation: (Gontinued)
4.2.4 The iategration eof equatioa (6) requires the bimomtal

and a term=by-term integration of the ro-uittlg
series. An outline of this process is givea here,
From equation (6)

dz = dr -
,l-' -Jra-l

. : ) N
‘ lOI.IAlt.-r !'
Where!

B equals rg ¢ 1; 2, is a conatant of inte-
gration; and Iy and I3 are the integrals
expressed belew:

2 Y 4
r® dr
les B-‘

- f er | ré ar
b » —_-—.0 %B. * _-—-.’ cco
' 1 Vr" \/ri- 1 ° -‘/r -l
-'(ccnlx-x r)[l '4(%‘)23-2 o(%é%)z 4. v00

5 3
Qrz-l[“n.z ;’if%n-‘(rr’ é‘il‘)’ eoJ
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4.0 FORCE BALANCE EQUATIONS: (CONTINUED)
2 4.2 The General Equation: (Continued)
! 4.2.4 (Continued)
' and,

a (cosh™! r)[% e % B2 i-s% ¢ é—:-% B”

Thérefare,

1.3
2.4

f‘z*-«(f a1
e/r® - lEﬁB (%) 34
’[% 53y . L3 5 1.3 _-5

-m “0mn

#[%% A B.s % - oo-} rs * oc00 }

’ Now let z = O, r = 1 in equation (7):
O-2 =0
—w

2 .
1 -ﬁ-ﬂir %n‘{-f—“—» 1.3
. 2 ,j-r -1 ) . 2. I3

z+z = (cosh‘lr)[l - % gt . (%)28-2 - %{;33) p~>

2 8-2 L 2 *[1’3) B.a-(%‘—oi)z 3-4 + 000]'
4

]
B-ifrrz dl'l * ase
r -

-4
B -aeo}
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4.2

4.2.4

4.,2.95

4.2.6

REPORT NO.: 55D 859
PAGE NO.: 10

FORCE BALANCE EQUATIONS: (Continued)

The General Equation: (Continued)

(Continued)

Now, having evolved a complex and cumbersome equation,
what do we do with it? As usual, make approximations.
Where r ¢ rt we may use a short-tailed version of
equation (7).

r r? - f
2 = cosh “1(r)- - | (8)
2 (rt - 1)

This accurate to about 1% for r, =« 60 and r < 12,
Both (7) and (8) reduce to ¢ = Eo-h'lr for infinite
Ter i.eey Ap = zero,

The numerical configuration of equation (8) is pre-
sented in Table I and Figure 3 for r, = 60, Both the
one~unit radius circle and the inverse cosh curve are
tangent to the vent-tube wall at r = 1. Note, too,
that the "most forward-point" occurs at r = 7.8 as
the point solution given in paragraph 4.,2.2 predicts.

It should be remembered that in the preceeding develop-
ment ‘the vent-tube radius is used as the unit of measure.,
For a greater r, (this means a smaller vent for a fixed
tank size) z_, will be numerically greater because of the
reduced unit of measure. However, in terms of tank
dimensions, decreasing the vent tube size will reduce
e :

4
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3.0

S:1

5.2

PRYSICAL REALITY:

.
The preceeding mathematics have been loosely connected
with the Centaur upper stage. Although the exact sise
vent tube has not yet been chosen it will probably be

about 1 inech in radiua, perhaps smaller. The fuel tank

is of course 60 inches in radius. The maximum quantity

of fuel remaining in any zero-g period is expected teo
be about 30% and the resulting ullage in an unmodified
tank will be a cylinder capped by two hemispheres. An
allusion was made in paragraph 4.1 to an increased 4P
produced by the introduction of a vent tube and, while
its effect on the surface ahape ‘about the vent i»s
negligible, another effect will be produced. That
effect ia to push the ullage aft until the intermediate
bulkhead distorts the aft interface to such an extent
as to produce a balancing o « Of course the use of
an ullage support structure {Lss),-- has been suggested
eleevhere,would completely override this effect.

The question may arise: If LHp wets everywhere, what
happens aft of the tangent point on the vent? It

appears that the tuhe will be wet with the liquid but
that the film will be only a few moleculea thick. It

" ia conceivable that in the periods between ventings

the tube could fill and thus a "tuWe~full"” would be
lost during each vent eycle. lowevery assuming

the absurdly high values of 106 cm as the film thicke
ness and 1 cm/sec as the liquid velocity, less than
0:1 cubiec cm would be delivered to the tube each hour.
The effect of evaporation/condensation on filling the
tube iz beyond the scope of this report but an estimate
probably can be made easily.

FORM N0 4-702-1
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CONCLUSION:

This report has, we hope, dispelled any queation of
the ability of a center vent to penetrate the liquid
gas interface under the conditions listed in Section
2.0, The surface equation developed herein is for a
a specific case and certain approximation were. made;
but the general result must be emphasized that a
"small" tube passing through an interfacial surface
causes little distortion of that surface. A large
tube (or other shape) certainly will influence the
tank contents and the Ullage Support Structure (USS)
is based on this effect,

AS mert.:.re” pluvivubld lwo major problems have been
ighured., They are the major vehicle rotations and

the mechanics of gas production. While several

General Dynamics/Astronautics groups are investigating
related areas it is probable that only a full Centaur
flight test will answer the latter question. If neither
of these problems develop, the center vent should make

a most reliable, light, and inexpensive vent system.
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TABLE X
' CENTER VENT SURFACE FOR 2" VENT TUBE
IN 120" TANK
r cosh™! r 2l s
?

1.0 0 0 0
1.1 0.44 o 0.44
1.2 10,62 0.01 0.61
1.3 0,76 0.01 0.78
1.8 0.96 0.01 0,98
2.0 1,31 0.03 1.28
3.0 1,76 0.07 1.69
4.0 2,06 0.13 1.93
6.0 2.48 0.20 2,19
7.81 (ry) 2,78 0,50 2.28
10.0 3.00 0.82 2.18
12.0 3.17 1.19 1.98

FORM NO. A-702-1



“‘i‘.—‘ .

aerony__ 953 D 859

CONVAIR | ASTRONAUTICS mee___ 14
TABLE 1I
NOMENCLATURE:
Variables: ’
R = Radius of curvature
r = Radial location from tank (and vent tube) centerline
2 = Distance forward in the tank measured parallel to the
centerline and from the point of surface/probe tangency.
=

\4

1 4

Force preduced by surface tension,

Subseripts:

Pertains

Pertains
surface,

Pertains

Pertains

to the outside surface of the vent tube

to the most forward point of the interfaecial

to the inside surface of the tank

to an arbitrary circular rim,

FORM NO. A-782-1
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e

LIQUID

MOST FORWARD P@INT

‘e FLUID INTERFACE

STYLIZED CENTAUR TANK
SHOWING FLUID INTERFACE

. FIGURE 1
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